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ABSTRACT 
 
A two-phase anaerobic digestion process of synthetic domestic wastewater was studied at 
ambient temperature in mild to cold climates. The hydrolytic stage was carried out in a 
continuous stirred tank reactor with an effective volume of 1.2 L. The hydrolytic reactor 
operated at hydraulic retention times (HRTs) in the range of 1.3 to 2.7 h, which allowed for 
optimum HRT to be obtained in order to achieve a maximum amount of soluble COD. For 
the methanogenic stage, an up-flow anaerobic filter with a volume of 1.35 L and corrugated  
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plastic rings as biomass immobilization support were used. During the investigation, the 
ambient temperature ranged between 21 °C and 24 °C. Synthetic domestic wastewater with 
a COD of 700 mg/L was used as substrate. The study was performed at total organic 
loading rates (OLRT) of 2.0-4.3 g COD/L·d, with a global HRT (including both hydrolytic 
and methanogenic stages) of 2.8-5.8 hours. A maximum percentage of organic matter 
removed of 88% was achieved at a global HRT of 5.8 hours. Under these operating 
conditions, the production of biogas was 97% higher than that obtained in the one-phase 
anaerobic digestion process. Additionally, the kinetics involved in the hydrolytic stage was 
determined using the Contois kinetic model, which adequately predicted the experimental 
results. 
 
Keywords: Two-phase anaerobic digestion, hydrolytic stage, methanogenic stage, kinetics, 
synthetic domestic wastewater. 
 
INTRODUCTION 
 
The anaerobic digestion process is an excellent and attractive alternative for the reduction of the 
organic matter concentration of wastes and wastewaters and has been previously applied for 
treatment of a number of substrates such as various complex feedstocks including municipal 
wastewater sludges, chemical and agricultural industry wastewaters, etc. [1]  Compared to other 
biological wastewater treatment processes, anaerobic digestion offers significant advantages, such 
as lower sludge production, the generation of methane gas of high calorific value, lower energy 
consumption, lower space requirements and lower overall costs. [2]    
In conventional applications, the hydrolytic, acid-forming and methanogenic microorganisms are 
kept together in a single reactor system. There is a delicate balance between these two groups of 
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microorganisms, because they differ greatly in terms of physiology, nutritional needs, growth 
kinetics and sensitivity to environmental conditions. Problems encountered with stability and 
control in conventional one-stage reactors have led researchers to new alternatives. [2]  Therefore, 
providing the most appropriate environmental and operational conditions for each microbial 
community in two-reactor systems which are physically separated consequently has significant 
outcomes, such as increased overall process efficiency, stability and control, a higher specific 
activity of methane-formers in the methanogenic reactor, higher organic loading rates and a faster 
start-up of high-rate systems. [3,4]  During the hydrolytic-acidogenic stage, particulate organic matter 
is firstly hydrolyzed to sugars, fatty acids and aminoacids by extracellular enzymes. These 
relatively simple compounds are then fermented to short-chain fatty acids, alcohols, carbon dioxide 
and hydrogen by the acid-forming bacteria. Since the performance of the hydrolytic-acidogenic 
reactor affects the performance of the subsequent methane reactor, both optimum environmental 
and operational parameters influencing the hydrolytic-acidogenic digestion should be determined 
for each waste or substrate in question. [3,5]   
Among the environmental parameters, pH and temperature are important factors in two-phase 
anaerobic treatment. Fang and Yu  [6] studied the influence of temperature and pH on the 
acidification stage of wastewater with a high content of gelatin (protein substance) in an up-flow 
reactor. They concluded that an increase in the temperature caused an insignificant increase in the 
degree of acidification within the system, but determined that the influence that pH has on this 
fermenting stage is much more significant. An increase in pH from 6.0 to 6.5 caused an increase in 
the percentage of acidification from 32% to 72%; a further increase in pH to 7 produced a decrease 
in the degree of acidification to 66%. Previously Zoetemeyer et al. [7]  studied the influence of pH 
on the acidogenesis of a simple, soluble substrate, glucose, over the range of 4.5 to 7.9, and 
recommended a pH range of 5.7-6.0 for the acid reactor to provide a stable and more favourable 
substrate for the methane reactor, while Elefsiniotis and Oldham [8] reported that the variation in pH 
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between 4.3 and 5.2 did not affect volatile fatty acids (VFA) production or chemical oxygen 
demand (COD) solubilization, but higher pH levels (5.9-6.2) affected both parameters in the 
acidogenesis of a complex substrate-primary sludge. Variations in higher pH levels from 6.0 to 8.0 
were reported to be affecting the dominant microbial population in the acid reactor. [9]    
The effects of hydraulic retention time (HRT) on anaerobic acidogenesis have been investigated 
earlier. [2]  However, contradictory results have been reported. HRT was found to affect the 
performance of the acid reactor by some researchers. [3]  On the other hand, no significant influence 
of HRT was observed on anaerobic acidogenesis in other studies. [10]  Borja et al. [1] studied the 
influence of the HRT on the acidogenic fermentation of wastes derived from the production of olive 
oil, determining the optimum values for this type of substrate. The criteria used to determine the 
optimum HRT not only depended on an elevated percentage of hydrolysis, but also on the type of 
volatile fatty acid that was obtained. They reported that long chain volatile fatty acids have higher 
formation velocities than that of acetic acid. Therefore, an elevated percentage of these acids is 
obtained at very low HRTs. They determined that the reduction in the HRT favored the hydrolytic 
process, hindering the growth and proliferation of methanogenic microorganisms. Based on these 
studies, the optimization of the hydrolytic stage should be focused on achieving the solubility of the 
highest possible amount of particulate or organic matter in suspension. This implies that the HRT, 
that allows for the highest value of soluble COD in the effluent of the hydrolytic reactor to be 
obtained, must be determined.  
The majority of the studies carried out up to now have been done with wastewater with high organic 
matter content. However, few studies were performed with wastewaters with low organic content as 
is the case of domestic or urban wastewater.  
Although the hydrolysis of particulate organic material has been considered the rate-limiting step in 
anaerobic digestion, some authors have emphasized that the hydrolytic process still remains  the 
least defined step [11].  The cumulative effects of the different processes taking place during 
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hydrolysis have traditionally been simplified to a single first-order kinetics for substrate 
biodegradation [12].  However, relatively high hydrolysis rates were reached in anaerobic 
biodegradability tests with a high inoculum-substrate ratio, [13]  showing some degree of dependence 
of hydrolysis on biomass concentration or activity. Consequently, first order kinetics appears not to 
be applicable in all circumstances, indicating that an in-depth understanding of the different 
processes involved is needed to accurately describe hydrolysis. 
During hydrolysis the particulate substrates contact the hydrolytic microbial cells and the released 
enzymes, so that two main phases might be taken into account for a description of the kinetics of 
hydrolysis. [12]  The first phase is a bacterial colonization in which the hydrolytic bacteria cover the 
surface of the solids. Bacteria on or near the particle surface release enzymes and produce the 
monomers that are used by the hydrolytic bacteria. The daughter cells fall off into the liquid phase 
and then try to attach to some new place on a particle surface. Thus, a direct enzymatic reaction as 
the intermediate step of the total two-phase process may be rather quick in comparison with the 
stages of bacterial colonization and surface degradation. When an available surface is covered with 
bacteria, the surface will be degraded at a constant depth per unit of time (second phase). 
Microorganisms attached to a particle produce enzymes in the vicinity of this particle and benefit 
from soluble products released by the enzymatic reaction. It has been recently demonstrated that the 
Contois model that uses a single parameter to represent saturation of both substrate and biomass is 
as good at fitting the data as two-phase model. [12] 
The aim of this work was to study the performance evaluation of a two-phase anaerobic digestion of 
synthetic domestic wastewater at ambient temperatures (21-24 ºC) assessing the influence of HRT 
and OLR on the overall process. Laboratory-scale continuous stirred tank reactor (CSTR) and up-
flow filter were used in the hydrolytic-acidogenic and methanogenic stages, respectively. In 
addition, a kinetic study of the hydrolytic stage based on the Contois model was also carried out 
following up the degradation of the particulate or insoluble organic matter.       
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MATERIALS AND METHODS 
 
General Scheme of the Two-Phase Anaerobic Digestion Process 
 
A CSTR reactor was used to carry out the hydrolytic stage, while the methanogenic stage was 
performed in an up-flow anaerobic filter, which was also used in a previous study of one-stage 
anaerobic digestion of this substrate. [14]  The reactors were operated in series. Because the highest 
production of acetic acid generally occurs at a pH of 6.5 [6], the wastewater was initially fed to the 
CSTR, the pH of the feed was regulated and kept at 6.5 by adding HCl at 36%. The effluent from 
this reactor was loaded on to a clarifier or settler by gravity, with the purpose of decanting and 
separating the biomass. After that, the effluent from the settler was fed to the up-flow anaerobic 
filter, where the methanogenic stage was performed. Since the effluent from the hydrolytic reactor 
was slightly acidic, sodium bicarbonate was added to the settler to give alkalinity to the anaerobic 
filter. 
The influence of the HRT on the percentage of biodegradation of this substrate in the two-phase 
anaerobic digestion was assessed. Therefore, in this study the experiments were carried out with 
different flow-rates that can determine global or total HRTs (HRT of CSTR + HRT of anaerobic 
filter), similar to those studied in a one-phase anaerobic digestion process. [14] 
 
Hydrolytic Reactor 
 
The hydrolytic reactor consisted of a glass cylindrical reactor 30 cm high, 25 cm in internal 
diameter and with a volume of 1.2 L. The reactor was fed from the top and the discharge of the 
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effluent was carried out from the bottom of the lateral wall. The reactor was mixed with a magnetic 
stirrer that operated at 150 rpm to assure a complete mix. 
 
Settler   
 
The conical settler or clarifier had a volume of 1.25 L. It had an acrylic top, where the feed is 
loaded and the effluent unloaded. It also had a mechanism to purge the sludge from the bottom as 
well as a deflector (60% of the length of the settler) that divided the volume into two sections, 
making the liquid flow in a U shape. 
 
Anaerobic Filter  
 
The anaerobic filter used in the methanogenic stage of the two-phase study consisted of an acrylic 
column with an internal diameter of 8 cm and 45 cm high. As support material for the microbial 
biomass, 330 corrugated plastic rings, with an individual diameter of 1.5 cm and 1.2 cm high, were 
used. The empty volume of the reactor was 1.5 L, while its effective volume was 1.35 L. The biogas 
production was indirectly measured through the displacement of liquid contained in a Mariotte type 
bottle. The biogas flowed from the anaerobic filter to the bottle, which contained an alkaline 
solution of NaOH at 2.5% w/w, with alizarin yellow as a CO2 saturation indicator. The CO2 
produced was absorbed into the alkaline solution. Therefore, the volume of the displaced liquid in 
the Mariotte bottle corresponded to the methane produced, as well as negligible amounts of H2 and 
N2 gas.  
 
Characteristics of the Wastewater and Inoculum 
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During the experiments, synthetic domestic wastewater was used. The composition of the 
wastewater used is summarized in Table 1. The main characteristics and features of the synthetic 
domestic wastewater used are shown in Table 2. This Table also shows the range of values of the 
typical parameters of a real domestic wastewater reported in the literature for comparison purposes. 
[15, 16]    
The anaerobic sludge used as an inoculum of the reactors came from a sewage treatment plant that 
operated at mesophilic temperature. The sludge characteristics were: 69.13 g/L of total suspended 
solids (TSS), 44.00 g/L of volatile suspended solids (VSS), 91.23 g/L of COD and a specific 
methanogenic activity (SMA) of 0.5 g COD-CH4/g VSS·d. 
 
Chemical Analyses  
 
The following parameters were determined at the effluents of hydrolytic and methanogenic reactors: 
total COD (CODT), soluble COD (CODS), pH and VFA. All analyses were carried out according to 
the recommendations of the Standard Methods for the Examination of Water and Wastewater. [17] 
 
The Start-up and Operation of the Reactors 
 
CSTR reactor 
 
The CSTR reactor was inoculated with 400 mL of the above-mentioned inoculum. The rest of the 
reactor volume was charged with 800 mL of a nutrient solution made up of glucose (C6H12O6) as 
the carbon source, ammonium chloride (NH4Cl) as the nitrogen source and potassium phosphate 
(KH2PO4) as the phosphorus source, with a C:N:P ratio of 350:5:1. The nutrients were chosen 
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taking into account the following criteria: substrate biodegradability and their need for the crucial 
growth of the microorganisms responsible for the process.  
To acclimatize the sludge to the operating conditions, the reactor was initially operated in batch 
mode. This period of acclimatization lasted approximately 20 days. After this initial acclimatization 
period, the hydrolytic reactor began to be fed in a continuous mode, and the effluent began to be 
used as feed for the anaerobic filter, having previously passed through the settler. Four sets of 
continuous experiments were carried out in the hydrolytic reactor at hydraulic retention times 
(HRTs) of 2.7, 2.1, 1.5 and 1.3 h. These HRTs corresponded to organic loading rates (OLRs) of the 
hydrolytic stage of 4.37, 5.63, 7.90 and 9.00 g COD/L·d. The samples were collected and analyzed 
for at least five consecutive days. The steady-state value of a given parameter was taken as the 
average of these consecutive measurements for that parameter when the deviations between the 
observed values were less than 5% in all cases.  
The OLRs applied were gradually increased in order to minimize the transient impact on the reactor 
that might be induced by a sudden increase in loadings.    
 
Anaerobic filter 
 
The anaerobic filter was inoculated with 400 mL of the above-mentioned inoculum, in such a way 
that the amount of biomass inoculated was 17.6 g VSS/L. The rest of the reactor volume was 
charged with 950 mL of the above-mentioned nutrient solution composed of glucose (carbon 
source), ammonium chloride (nitrogen source) and potassium phosphate (phosphorus source) at a 
C:N:P ratio of 350:5:1. The nutrients were chosen using the same criteria mentioned previously.  
To acclimatize the sludge to the substrate, the reactor was initially operated in batch form, with total 
recycling and a low superficial velocity (vs) of 0.1 m/h in order to avoid drag forces that hinder the 
adherence of the microorganisms to the support. No standardized methodology exists to determine 
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the duration of this stage, but the methodology suggested by Kobayashi et al. [15]  was followed. This 
method recommends measuring the biogas produced daily, and as soon as a reduction is observed, it 
is assumed that the nutrients have been depleted. Once this occurs, it is then possible to feed the 
reactor in a continuous mode. Following these criteria, the acclimatization period of the anaerobic 
filter lasted 30 days. During the last five days, a reduction in biogas production was observed. 
Therefore, on day 31 the reactor began to be fed in a continuous mode, using synthetic domestic 
wastewater previously hydrolyzed in the CSTR reactor as substrate. At the beginning of the study 
(during the first 20 days after starting-up), there was a recycling ratio of 2, with respect to the 
feeding flow (recirculation flow/feeding flow = 2). Once the formation of a biofilm was observed, 
recirculation was suspended.  
The methanogenic reactor operated at HRTs of 3.1, 2.4, 1.7 and 1.5 h, the OLRs of the overall or 
global process being 2.05, 2.65, 3.70 and 4.30 g COD/L·d, respectively. The samples were collected 
and analyzed for at least 5 consecutive days following the same procedure as that described in the 
CSTR reactor. The initial OLR studied for this reactor was 1 g COD/L·d, with vs of 0.3 m/h, to 
create favorable conditions for the formation of the biofilm. Once the steady-state was achieved for 
each HRT studied (following the same criteria already described in the first reactor), the vs was 
increased to 0.52 m/h according to the results obtained by Elmitwalli et al. [16]  The OLR was 
progressively increased once the steady-state was achieved in each case. This was carried out 
through increases in the feeding flow-rate, maintaining the vs constant, until the maximum operation 
value was reached. [14] 
 
RESULTS AND DISCUSSION 
 
Hydrolytic Stage 
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Table 3 shows the experimental results obtained in the hydrolytic-acidogenic stage of the two-phase 
anaerobic digestion process of synthetic domestic wastewater. As can be observed in this Table, the 
percentage of organic matter (Total COD, CODT) removed ranged between 71.0% and 59.4% when 
the OLR of this stage increased from 4.37 to 9.00 g COD/L·d and the HRT decreased from 2.7 to 
1.3 h. These CODT removal efficiencies were higher than those obtained by Bouallagui et al. 
[4], 
who obtained percentages of COD removal of between 36% and 45% treating fruit and vegetable 
wastes at OLR in the ranges of 3.7-10.0 g COD/L·d and HRT of 3 days, and also higher than those 
obtained by Blonskaja et al. [18] processing distillery wastes, with percentages of between 35% and 
54%. This behaviour can be attributed to the fact that the two wastes mentioned in both studies are 
much more difficult to hydrolyze than synthetic domestic wastewater. In addition, the hydrolytic 
reactors used in these experiments operated at a pH of between 5.2 and 5.9, values for which the 
methanogenic microorganisms were practically inhibited and much less active than at a pH value of 
6.5, which is the operating condition of the present study.  
During the first days of operation, small amounts of biogas were produced in the hydrolytic reactor. 
This was probably due to the fact that a considerable population of methanogenic microorganisms 
were active during the start-up process. However, the methane production values began to slowly 
descend as these bacteria were inhibited as a result of the operating conditions established. 
Figure 1 shows the variation of the total COD (CODT), soluble COD (CODS) and particulate COD 
or fraction of COD of the suspended solids (CODSS) with OLR. As can be seen, an increase in the 
OLR from 4.37 g to 9.00 g COD/L·d caused an increase in the CODT and CODSS, the increase being 
much higher in the CODSS. The concentration of CODS increased more slowly than CODT and 
CODSS when OLR increased. Specifically, the concentration of CODSS increased slightly with OLR 
up to 7.9 g COD/L·d (equivalent to an HRT of 1.5 h). For OLR values higher than 7.9 g COD/L·d 
(HTR lower than 1.5 h), the effluent CODS decreased sharply, showing an inhibition of the 
hydrolytic stage. Therefore, according to the results obtained it can be considered that the optimum 
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HRT for the hydrolytic reactor was 1.5 h (OLR 7.9 g COD/L·d). These results coincide with those 
obtained by Arsov et al. [19]  in a two-phase anaerobic digestion process of domestic wastewater at 
ambient temperature using two kinds of suspended anaerobic biomasses (floccules and granules, 
respectively) in the reactors and those achieved by Rincón et al. [20]  in the anaerobic acidogenic 
fermentation of two-phase olive mill solid residue, for which the CODS increased when OLR 
increased from 3.2 g to 12.9 g COD/L·d (or when HRT decreased from 50.0 d to 12.4 d), observing 
a decrease in effluent CODS at OLR higher than 12.9 g COD/L·d (or HRT lower than 12 d). In 
addition, Demirel and Yenigun [2] also reported that the degree of COD solubilization and organic 
substrate degradation primarily depended on the HRT for other complex substrates, such as meat 
extract, primary sludge and municipal primary sludge-starch rich industrial wastewater, etc.  
The percentage of hydrolysis can be calculated by using the equation proposed by Bouallagui et 
al.[4], which measured the reduction in the COD fraction that corresponds to the suspended solids 
through the following expression: 
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where CODT, I and CODS, I correspond to the influent total and soluble COD respectively, and 
CODT, E CSTR and CODS, E CSTR correspond to the total and soluble COD of the CSTR reactor effluent, 
respectively.  
Figure 2 shows the variation of the percentage of hydrolysis achieved in the hydrolytic reactor with 
operation times for the OLRs of 4.37, 5.63, 7.90 and 9.00 g COD/L·d, which corresponded to HRTs 
of 2.7, 2.1, 1.5 and 1.3 h, respectively. As can be seen, the average values obtained were: 85% for 
OLRs of 4.37 and 7.90 g COD/L·d (HRTs of 2.7 and 1.5 h, respectively), 81% for an OLR of 5.63 g 
COD/L·d (HRT of 2.1 h) and 57% for an OLR of 9.00 g COD/L·d (HRT of 1.3 h). These results 
were similar to those obtained by Bouallagui et al. [4]  in a two-phase anaerobic digestion process 
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treating fruit and vegetable wastes, for which a hydrolysis percentage of 81% was achieved in the 
first stage at OLRs of 7.5 g COD/L·d.  
 
Kinetics of Hydrolytic Stage 
 
For continuous stirred tank reactors that operate under steady-state conditions the following 
equation proposed by Contois [21] can be used to determine the kinetic parameters of the process: 
 
HRT/(1 + kd · HRT) = (B/µmax)(X/S) + 1/ µmax   (1) 
  
where µmax is the maximum specific growth rate, B is a kinetic coefficient, HRT is the hydraulic 
retention time, S is the effluent concentration in the reactor (CODSS), X is the biomass concentration 
and kd is the microbial decay coefficient. 
Expression (1) is the equation of a straight line with a slope equal to B/µmax and intercept on the y-
axis equal to 1/µmax. Prior to applying this model, the value of the parameter kd must be calculated, 
for which the following equation obtained from a mass balance around the reactor can be applied:  
 
(S0 – S)/(HRT·X) = (1/YX/S)(1/HRT) + kd/YX/S  (2) 
 
where: YX/S is the microbial yield coefficient and S0 is the influent substrate concentration (CODSS). 
A plot of the first member of equation (2) versus 1/HRT should be a straight line with a slope equal 
to 1/YX/S and intercept equal to kd/YX/S. 
It is important to note that both S0 and S correspond to the influent and effluent substrate 
concentrations of the particulate organic matter or COD of the suspended solids (CODSS) 
respectively. Given that the anaerobic fermentation mechanism implies the need for a hydrolysis 
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and solubilization of the particulate or insoluble organic matter, the kinetics of the hydrolytic stage 
can be studied by means of the reduction of the insoluble fraction of the organic matter present in 
the substrate. [1,20]  
Figure 3 shows a plot of the equation (2) for the experimental data obtained in the hydrolytic stage 
of the present two-phase anaerobic digestion process. From this plot and using the least square 
method, a value of kd = 3.2 d
-1 was found. This value was higher than that obtained in the anaerobic 
acidogenesis of a synthetic wastewater based on beef extract (kd = 1.74 d
-1) at mesophilic 
temperature [22]  and also higher than those obtained in the anaerobic acidogenic fermentation of 
simple soluble substrates such as glucose, lactose, etc. (kd = 0.1-1.5 d
-1). [2, 23]  This difference in kd 
values could be attributed to the easier degradation and acidification of simple substrates based only 
in carbohydrates and proteins.  
The kinetic parameters of the Contois equation (µmax and B) were determined from Figure 4 by 
using equation (1). Their values are summarized in Table 4. The determination coefficient obtained 
was very high (R2 = 0.978), which suggests that the model used fits adequately to the experimental 
results obtained. The value of µmax was lower than that obtained in the mesophilic (35 ºC) anaerobic 
acidogenesis of synthetic wastewaters (µmax = 32.6 d-1) based on meat (beef) extract powder with a 
slightly higher influent substrate concentration (COD = 2.5 g/L). [22]  µmax values reported by 
Demirel and Yenigun [2]  and Montalvo and Guerrero [23]  for acid-former bacteria involved in two-
phase anaerobic processes were found in the range of 30-65 d-1, indicating again that microbial 
growth on glucose, lactose and proteins was faster than that for synthetic domestic wastewater used 
in the present study.  Ghosh [24] also observed that the acid-formers on glucose showed a µmax value 
one order of magnitude larger than those achieved with sewage sludge, which can be attributed to 
the rate-controlling nature of the hydrolysis step for the above-mentioned substrate.  
 
Methanogenic Stage and Overall Digestion Process 
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Table 5 shows the steady-state CODT and CODS values and methane production obtained for the 
different HRT assayed in the methanogenic stage of the two-phase anaerobic digestion process. 
This Table also summarizes the overall percentages of CODT degradation obtained for the different 
total OLR of the integral two-phase process. As can be seen, the overall CODT degradation ranged 
between 88.3% and 79.3% when the overall OLR increased from 2.05 to 4.3 g COD/L·d and the 
total HRT decreased from 5.8 to 2.8 h. COD removal efficiencies of 75% were achieved in a two-
stage flocculent-granular sludge UASB reactor system treating domestic sewage at a temperature of 
20 ºC at a total HRT of 10 h (8 h for stage I and 2 h for stage 2), [25]  HRT values much higher than 
those used in the present work (5.8-2.8 h).   
Figure 5 shows the comparative variation of total organic matter removal efficiency with HRT for 
the present two-phase anaerobic digestion process, with that obtained in the one-stage anaerobic 
digestion process of the same substrate. [14]  As can be observed, higher organic matter removal 
efficiencies were always achieved in the two-phase process for all HRTs studied. According to this 
plot, if a vertical straight line is drawn, for example for a HRT of 3.8 h, removal percentages of 
80% and 86% are obtained for the one-phase and two-phase processes, respectively. Apparently this 
increase of 6% in the biodegradation percentage would not be significant enough to implement a 
two-phase process. However, if the objective is a maximum reactor capacity (or minimum volume) 
instead of the maximum conversion for the removal percentage, for example 80%, in the case of the 
conventional process (one-phase), a HRT of 3.8 hours is required. For a two-phase process, the 
HRT required is 2.9 hours. Assuming a hypothetical feeding flow of 10 m3/d, a reactor volume of 
38 m3 for the conventional process would be requiered and only 29 m3 for a two-phase anaerobic 
process, which represents a reactor volume reduction of almost 25%. This reduction percentage in 
the reactor volume would be higher, for example, if the required biodegradation was 82%. Melidis 
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et al. [26] reported reactor volume reductions of up to 40% in the two-phase anaerobic digestion 
process of distillery wastewater, operating at optimum temperatures in the mesophilic range. 
Another noteworthy aspect to be considered is the higher production of biogas obtained in the two-
phase process. According to the results obtained, 63 mL CH4/d were produced at an OLR of 2.0 g 
COD/L·d, while in the conventional process (one-phase) only 32 mL CH4/d were produced at the 
same OLR [14], which represents an increase in the biogas production of 97% when the two-phase 
digestion process is used. Previous research [27] has demonstrated that the main problem faced by 
the psychrophilic microflora at a low temperature is the H2 assimilation by the methanogenic 
microorganisms. Therefore, the improvement in the organic matter removal efficiency and biogas 
production of the two-phase process can be attributed to the elimination of a considerable amount of 
the H2 produced in the gas flow during the first stage of the process. Therefore, this considerably 
reduces the concentration of this compound in the hydrolytic reactor effluent that is fed later on, to 
the anaerobic filter, where methanegenesis takes place. 
 
CONCLUSIONS 
 
The results of this study demonstrate the suitability of the two-phase anaerobic digestion process for 
treating synthetic domestic wastewater (CODT = 700 mg/L) at ambient temperature (21-24 ºC). A 
maximum percentage of 88% of organic matter removed was achieved at a global HRT (hydrolytic 
+ methanogenic stages) of 5.8 hours. Under these operating conditions, the production of biogas 
was 97% higher than that obtained in the one-phase anaerobic digestion process. 
The hydrolytic activity is influenced by the HRT. A reduction in the HRT meant an increase in the 
amount of soluble COD in the reactor effluent. In this way, it was possible to optimize the 
conditions that favor the hydrolytic stage (OLR = 7.9 g COD/L·d and HRT = 1.5 h) and, therefore, 
the anaerobic digestion process.  
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According to the results obtained, the two-phase anaerobic digestion process is a good alternative 
when an improvement in the removal of organic matter and the maximization of biogas production 
are required. In addition, the two-phase anaerobic digestion process constitutes an excellent choice 
when a reduction in the overall size of the equipment is also needed. 
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Table 1. Composition of the synthetic domestic wastewater[28] . 
Macronutrient Solution Micronutrient Solution 
Compound Source [mg/L] Compound [mg/L] 
Starch C-Carbohydrate; 80%   200 FeCl3·4H2O 1000 
Ovoalbumine C-Protein; 10%  21.0 CoCl2·6H2O 1000 
Sunflower oil  C-Lipid: 10%  13.1* MnCl2·4H2O 250 
Urea N 13.0 CuCl2·2H2O 15 
KH2PO4 P 5.26 ZnCl2 25 
CaCl2·2H2O Ca 22.05 H3BO3 25 
MgSO4·7H2O Mg 0.43 (NH4)6Mo7O24·4H2O 45 
KCl K 21.3 NaSeO3·H2O 50 
NaHCO3 Na 8.76 NiCl2·6H2O 35 
Yeast Extract  100 EDTA 500 
Micronutrients  1.0* HCl 36 % 1* 
   Resarzurin 250 
* Amount expressed in mL/L.  
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Table 2. Characteristics of the synthetic domestic wastewater used and of the real  
domestic wastewater reported in the literature according to the references [15, 16]. 
Parameter Synthetic 
domestic 
wastewater * 
 
Real domestic 
wastewater 
(range of values)  
CODT 
Total Suspended Solids (TSS) 
Volatile Suspended Solids (VSS) 
pH 
Volatile Fatty Acids (VFA) (as acetic acid) 
Total Alkalinity 
700 (35) mg/L 
559 (23) mg/L 
520 (21) mg/L 
6.7 (0.3)  
125 (5) mg/L 
312 (15) mg/L 
180 - 1100 mg/L 
160 - 625 mg/L 
80 - 580 mg/L 
5.7 - 8.9 
90 – 150 mg/L 
190 – 360 mg/L 
 
* Values in brackets correspond to the standard deviations of the mean values. 
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Table 3. Experimental results of the hydrolytic reactor (CSTR).* 
Parameters 
OLRT (g COD/L·d) 
2.05 2.65 3.70 4.30 
OLRCSTR (g COD/L·d) 
CODT,I (mg/L) 
CODS, I (mg/L) 
CODT, CSTR (mg/L) 
CODS CSTR (mg/L) 
pHCSTR 
VCH4** (mL/d) 
HRTCSTR*** (h) 
DegradationCSTR percentage (%) 
4.37 
636 (19) 
213 (12) 
166 (9) 
124 (6) 
6.75 
8.6 (0.5) 
2.7 
71.0 
5.63 
655 (25) 
216 (11) 
196 (9) 
132 (7) 
6.80 
4.7 (0.3) 
2.1 
65.4 
7.90 
639 (30) 
225 (12) 
213 (10) 
137 (8) 
6.75 
5.8 (0.3) 
1.5 
66.5 
9.00 
637 (32) 
216 (11) 
246 (12) 
67 (9) 
6.80 
6.2 (0.4) 
1.3 
59.4 
* Values in brackets correspond to the standard deviations of the mean values. 
** VCH4:  methane production. 
*** HRTCSTR: HRT in the CSTR reactor. 
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Table 4. Kinetic parameters of Contois equation. 
Kinetic Eq. µmax(d-1) B (g CODSS/g VSS) R2 
Contois 17.6 0.517 0.978 
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  Table 5. Experimental results considering the global process.* 
Parameters 
ORLT (g COD/L·d) 
2.05 2.65 3.70 4.3 
CODT,I (mg/L) 
CODS, I (mg/L) 
CODT, AF (mg/L)** 
CODS,AF (mg/L)** 
pHAF ** 
VCH4, AF (mL/d)** 
Temperature (°C) 
HRTAF (h)** 
HRTTot (h) 
DegradationTot percentage (%) 
636 (19) 
213 (12) 
75 (5) 
49 (5) 
7.12 
63 (6) 
22 
3.1 
5.8 
88.3 
655 (25) 
216 (11) 
80 (8) 
52 (5) 
7.20 
89 (8) 
22 
2.4 
4.5 
86.2 
639 (30) 
225 (12) 
89 (9) 
78 (8) 
7.10 
------- 
23 
1.7 
3.2 
85.6 
637 (32) 
216 (11) 
121 (8) 
72 (7) 
7.15 
------- 
23 
1.5 
2.8 
79.3 
* Values in brackets correspond to the standard deviations of the mean values 
** AF: Anaerobic Filter. 
CODT, AF: total COD of the anaerobic filter effluent. 
CODS, AF: soluble COD of the anaerobic filter effluent. 
VCH4, AF:  methane production in the anaerobic filter. 
HRTAF: HRT in the anaerobic filter 
HRTTot: total HRT (HRT of the integral two-phase anaerobic digestion process (acidogenic + 
methanogenic stages). 
DegradationTot percentage: overall percentage of CODT degradation of the two-phase anaerobic 
digestion process. 
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FIGURE CAPTIONS 
 
 
 
Figure 1. Effect of HRT and OLR on the effluent of the hydrolytic stage of the two-phase anaerobic 
digestion system. 
Figure 2. Variation of the percentage of hydrolysis with time in the hydrolytic reactor (I: OLR = 
4.3 g COD/L·d; II: OLR = 5.6 g COD/L·d; III: OLR = 7.9 g COD/L·d; IV: OLR = 9.0 g 
COD/L·d). 
Figure 3. Determination of the kinetic parameters of equation (2) (kd). 
Figure 4. Determination of the kinetic parameters of equation (1). 
Figure 5. Comparison of the variation of organic matter removal efficiencies with HRT in the one-
phase and two-phase anaerobic digestion processes. 
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Fig. 2 
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Fig. 4 
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